Mott transition and transport crossovers in the organic compound 
k-(BEDT-TTF) 2 Cu[N(CN) 2 ]C1 
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We have performed in-plane transport measurements on the two-dimensional organic salt k- 
(BEDT-TTF) 2 Cu[N(CN) 2 ]Cl. A variable (gas) pressure technique allows for a detailed study of 
the changes in conductivity through the insulator-to-metal transition. We identify four different 
transport regimes as a function of pressure and temperature (corresponding to insulating, semi- 
conducting, "bad metal", and strongly correlated Fermi liquid behaviours). Marked hysteresis is 
found in the transition region, which displays complex physics that we attribute to strong spatial in- 
homogeneities. Away from the critical region, good agreement is found with a dynamical mean-field 
calculation of transport properties using the numerical renormalization group technique. 



The Mott metal-insulator transition (MIT) is a key 
phenomenon in the physics of strongly correlated elec- 
tron materials. It has been the subject of extensive ex- 
perimental studies in transition metal oxides, such as 
(Vi-zCr^Os or chalcogenides such as MS2-ISC2; (for 
a review, see Ref. 0). In contrast to chemical compo- 
sition, hydrostatic pressure allows in principle to sweep 
continuously through the transition. For these materi- 
als however, the appropriate range of pressure is several 
kilobars. For this reason, many fundamental aspects of 
the MIT are yet to be studied in detail. This issue is 
particularly important in view of recent theoretical pre- 
dictions for e.g. spectroscopy and transport close to the 
transition, which should be put to experimental test Q. 
Layered charge-transfer salts of the k-(BEDT-TTF) 2 X 
family (where X is a monoanion) offer a remarkable op- 
portunity for such a study. Indeed, these compounds are 
known to display a great sensitivity to hydrostatic pres- 
sure 0. The k-(BEDT-TTF) 2 Cu[N(CN) 2 ]C1 compound 
in particular (abbreviated k-CI below) displays a very 
rich phase diagram with paramagnetic insulating, anti- 
ferromagnetic insulating, superconducting and metallic 
phases when pressure is varied over a range of a few hun- 
dred bars [llllil- 
In this work, we report on an extensive experimental 
study of the in-plane resistivity of the k-C1 compound 
for a range of pressure spanning both the insulating and 
the metallic phases. In contrast to previous studies 0], 
pressure is varied continuously using a Helium gas cell, 
at constant temperature. By analyzing the pressure and 
temperature dependence of the measured resistivity, we 
have identified important crossover lines, which are sum- 
marized on the phase diagram of Fig^ These crossovers 



separate four different regimes of transport (to be de- 
scribed below) within the paramagnetic phase, corre- 
sponding to an " insulator" , a " semiconductor" , a " bad 
metal" and a Fermi-liquid metallic regime. Our mea- 
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FIG. 1: Pressure- Temperature phase diagram of the re-Cl salt. 
The crossover lines identified from our transport measure- 
ments delimit four regions, as described in the text. The 
spinodal lines defining the region of coexistence of insulating 
and metallic phases (hatched) are indicated, as well as the 
line where da/dP is maximum. The latter yields an estimate 
of the first-order transition line, ending in a critical endpoint. 
The transition line into an antiferromagnetic insulating phase 
has been taken from Ref. |f|, while the superconducting phase 
0.0 below 13 K has been omitted. 

surements were performed both with increasing and de- 
creasing pressure sweeps, yielding a determination of the 
two spinodal lines P\{T) and P^iT) shown in Fig. ^ (see 
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also Fig. |2J) . A critical comparison is made to dynamical 
mean- field theory (DMFT |2j), which describes success- 
fully the observed transport crossovers, while the critical 
region itself reveals more complex behaviour. Numerical 
Renormalization Group (NRG) calculations of the resis- 
tivity within DMFT are reported here for the first time, 
and compare favorably to the experimental data. 

This paper is based mainly on the data set displayed 
on Fig. |21 The in-plane conductivity was measured us- 
ing a standard four- terminal method as a function of 
pressure between 1 bar and 1 kilobar. The temperature 
range 13K-52K was investigated, with pressure sweeps 
performed every Kelvin (for clarity, only selected tem- 
peratures are displayed on Fig. |2J). The data clearly 
demonstrate how pressure drives the system from a low- 
conductivity insulating regime at low pressure (below 200 
bar) to a high-conductivity metallic regime at high pres- 
sure (above 350 bar), with a more complex transition 
region in the 200-350 bar range. 
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FIG. 2: Pressure-dependence of the in-plane conductivity a a b 
at different temperatures. The inset shows the derivative 
dcr a {,/dP which reveals a sharp peak at low temperature. 

The pressure interval in which the normalized differ- 
ence between these two measurements exceeds our ex- 
perimental precision (inset of Fig. |3J) corresponds to the 
region of coexistence between the insulating and metal- 
lic phases. This interval is found to be rather large 
(~ 100 bar) at 35 K, and still measurable (although the 
signal is close to our error bars) at 39 K. Note that a much 
narrower interval would be found from the width at half- 
maximum. We emphasize that varying pressure rather 
than temperature is a much more accurate experimental 
technique for the investigation of the coexistence region, 
because of the shape of the spinodal lines in the (P,T) 
plane. This also ensures a better accuracy on pressure (of 
order 1 bar) as compared to a cooling experiment. Our 
measurements yield a determination of the critical point 
in the T c ~ 39 K to T c ~ 42 K range (P c ~ 280 bar), 
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FIG. 3: Conductivity measured for increasing ((Tine) and de- 
creasing (a dec) pressure sweeps, at different temperatures up 
to 39K. Hysteresis at 35 K and 39 K is more apparent in the 
difference a dec — <Ti nc (inset). 



somewhat higher than previously reported from NMR [5j 
or sound velocity |6( experiments. The data in Fig. arc 
far from the "ideal" situation of a sharp discontinuity 
in <j{p) for T < T c , and present rather a wide region 
of phase coexistence, in which the measured <r(P) dis- 
plays sizeable noise. This suggests a complex physics in 
this regime, with the likely appearance of insulating and 
metallic domains in the material, and pinning by disor- 
der. 

We now focus on the low-pressure, insulating regime. 
In the inset of Fig. 0] the conductivity data in this 
pressure range have been replotted as logp vs l/T. 
At lower temperature (below 50 K), an activation law 
p ~ exp(A/2T) describes the data quite well. The tem- 
perature range over which this activation law applies is 
limited both from below and from above. Indeed, at the 
lowest temperatures a transition into the antiferromag- 
netic insulating phase is found (around 25 K at ambient 
pressure, see Fig. QJ, while a crossover to a different in- 
sulating regime is observed at higher temperatures, as 
discussed below. Despite this limited range, a reasonable 
determination of the insulating gap A in the " paramag- 
netic insulator" region of Fig. ^ can be achieved, since 
A 3> T. An approximately linear pressure dependence 
(see Fig. EJ) is found: A ~ 740 - 2P bar (in Kelvin). 
Hence, the activation gap is still a large scale close to 
the coexistence region (A ~ 400 K at 150 bar), of the or- 
der of ten times the critical temperature associated with 
the transition. A cannot be reliably determined above 
150 bar, but a rough extrapolation would lead to a gap 
closure around 370 bar, on the high-pressure side of the 
coexistence region of Fig. suggesting that the finite- 
temperature Mott transition in this material is not driven 
by the closure of the Mott gap. At higher temperature 
(above T ~ 50 K at ambiant pressure) , the T-dependence 
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of the resistivity deviates from the above activation law 
(inset of Fig.Qj. This crossover into a "semi-conducting" 
regime, which extends over much of the high-T part of 
the phase diagram, is indicated on Fig. ^ Interestingly, 
the crossover scale is an order of magnitude smaller than 
the insulating gap. 
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on Fig. The prefactor A(P) of the T 2 dependence is 
found to depend strongly on pressure, as displayed on 
Fig. and the product A(P) x (T*) 2 remains approxi- 
mately pressure-independent. These findings correspond 
to a strongly correlated Fermi liquid regime at low tem- 
perature. We note that the residual resistivity has a 
weaker pressure-dependence than A, but does increase 
close to the coexistence region. While A(P) cannot be 
determined precisely below 280 bar, the data suggest a 
divergency of A at P ~ 220 bar, significantly smaller 
than the pressure at which the extrapolated insulating 
gap would vanish (of order 370 bar, see above). This 
suggests that the closure of the Mott-Hubbard gap and 
the loss of Fermi liquid coherence are two distinct phe- 
nomena, associated with very different energy scales, as 
is also clear from the fact that the coherence scale T* (a 
few tens of Kelvin) is much smaller than the insulating 
gap A (several hundreds Kelvin). 

In order to better characterize the crossover into the 
"bad metal" as temperature is increased above T*, we 
have performed measurements in a wider temperature 
range, up to 300 K, as displayed on Fig. We confirm 



FIG. 4: Pressure-dependence of the paramagnetic gap, as de- 
termined from the activation plot shown in the inset. 

The high pressure regime above 300 bar is now con- 
sidered. As demonstrated in the right inset of Fig. 03 
the resistivity in this regime has a quadratic, Fermi liq- 
uid dependence upon temperature at low temperatures: 
P = Po{P) + A(P)T 2 . The quality of the fit, obtained 
by replotting the data set of Fig|2]as a function of T 2 , 
illustrates the high precision of the variable pressure tech- 
nique. The coherence temperature T* above which this 
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FIG. 5: Pressure-dependence of the T 2 coefficient A and resid- 
ual resistivity po. Inset: Plot of p vs. T 2 , also showing the 
increase of T* with pressure (straight lines are guides to the 
eyes). 

law is no longer valid (of the order of 35 K at 500 bar) de- 
fines a crossover into a " bad metal" regime, as indicated 
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FIG. 6: Temperature-dependence of the resistivity at different 
pressures. The data (circles) are compared to a DMFT-NRG 
calculation (diamonds), with a pressure dependence of the 
bandwidth as indicated. The measured residual resistivity po 
has been added to the theoretical curves. 

the general behaviour reported by other authors At 
moderate pressures (a few hundred bars), the resistivity 
changes from a T 2 behaviour below T*, to a regime char- 
acterized by very large values of the resistivity (exceed- 
ing the Ioffe-Regel-Mott limit by more than an order of 
magnitude) but still metallic- like (dp/dT>0). For pres- 
sures in the transition region, this increase persists until a 
maximum is reached, beyond which a " semi-conducting" 
regime is entered (dp/dT < 0). This regime is contin- 
uously connected to that found on the insulating side, 
at temperatures above 50 K. Fig. ^ summarizes the four 
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regimes of transport which we have described so far. 

We now compare these experimental findings to the 
DMFT description of the Mott transition. Similarities 
between DMFT and some physical properties of BEDT 
organics have been emphasized previously 0, 0- One 
of the key qualitative outcomes of our measurements is 
the separation of energy scales found in the transition 
region. This is also a distinctive feature of DMFT, in 
which Hubbard bands are well separated from the quasi- 
particle peak in the correlated metal, and a coexistence 
region of insulating and metallic solutions delimited by 
two spinodal lines is found. The three transport regimes 
found on the metallic side of the transition are well ac- 
counted for within DMFT 0, S 0, E3- In this the- 
ory, a Fermi- liquid regime with long lived quasiparti- 
cles applies below the coherence scale T*, with p = AT 2 
and A oc 1/(T*) 2 . As T approaches T* , the lifetime 
decreases sharply while the low-energy local density of 
states (d.o.s) is strongly depleted. This leads to a large 
resistivity, increasing rapidly with T, characteristic of a 
bad metal. For T 3> T*, the local d.o.s displays a pseudo- 
gap and a "semi-conducting" transport regime is found, 
with dp/dT < 0. We have performed DMFT calcula- 
tions of the resistivity for a simple Hubbard model at 
half-filling. The NRG technique was used which is 
crucial to capture correctly the enhancement of A, and to 
determine accurately the resistivity maximum. The cou- 
pling was fixed at U = 4000 K, consistent with the mea- 
sured critical temperature (within DMFT, T c ~ [7/100). 
A semi-circular band was used, with a bandwidth W ad- 
justed for each pressure, as indicated on Fig. El Com- 
parison to the measured p(T) — pg involves also a global 
scale factor (the same for all curves). We find a good 
agreement between our calculations and the data, up to 
T ~ 150 K, for pressures ranging from the transition 
(300 bar) to 10 kbar. The fitted bandwidth increases by 
about 40% in that range. This value, together with the 
mag nitudes of [7 and W is consistent with theoretical 
[l2| and experimental 0] estimates for these materials. 
We attribute the discrepancy observed above ~ 150 K 
to the strong thermal dilatation of the materials, leading 
to a smaller effective bandwidth, an effect which could 
be taken into account by allowing for a T-dependence of 
W in the calculation. The same effect might also con- 
tribute to the observed crossover on the insulating side 
at T ~ 50 K, even though DMFT also leads to a simi- 
lar prediction of a purely electronic crossover at T <C A 

Finally, we observe that our data in the critical regime 
around (T c , P c ) do not appear to obey the critical be- 
haviour established within DMFT, namely that of a 
liquid-gas transition in the Ising universality class |l4| . 
The observed transition is much too smooth, and the co- 
existence region too wide, to be described in that manner. 
Besides the low-dimensionality of these compounds, this 
could be attributed to strong spatial inhomogeneities or 



disorder in the transition region. 

To conclude, we have performed detailed transport 
measurements on the K-Cl compound using a variable 
pressure technique. Four transport regimes have been 
identified as a function of temperature and pressure, sep- 
arated by crossover lines. Hysteresis experiments have 
confirmed the first-order nature of the transition and al- 
lowed for the first detailed determination of the coexis- 
tence region. DMFT provides a good qualitative descrip- 
tion of these crossovers, and new DMFT-NRG calcula- 
tions of transport are in good agreement with the data. 
Further theoretical work is needed to understand the crit- 
ical regime, however. We note that recent ultrasound 
velocity measurements have revealed anomalies along 
crossover lines very similar to the two high-temperature 
lines reported here from transport measurements. This 
calls for further theoretical work aiming at connecting 
these two effects. 
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